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摘  要 
    目的：苯扎氯铵(Benzalkonium Chloride, BAK or BAC)是目前眼科用药中应
用 广的防腐剂。本研究旨在探讨临床常用浓度的 BAK 对角膜神经支配的影
响。 
    方法：随机将 54 只成年新西兰大白兔分为 3 组，用浓度为 0.005％、0.01％、
0.02％的苯扎氯铵溶液对每组兔的单眼点眼，每日一次，持续 9 天，对侧未处
理眼作为空白对照。在试验的第 0、3、6、9 天检测角膜敏感度、泪液分泌、泪
膜破裂时间（tear break-up time, BUT) 以及荧光染色和玫瑰红染色评分，并将




    结果：与对照组相比，眼表局部应用 BAK 第 3 天角膜敏感度下降，玫瑰红
染色评分升高，而泪液分泌、BUT、角膜荧光着色评分均无显著差异。角膜上
皮表层和基底层的神经纤维密度分别在试验第 3 天和第 6 天时出现降低。试验
第 9 天，0.02％BAK 处理组的泪液分泌减少，BUT 减低，角膜基质神经纤维密
度降低，且荧光素染色评分升高。与对照组相比，各浓度 BAK 处理组的角膜上
皮表层细胞均显著增大。 
    结论：局部应用 BAK 可在未出现泪液缺乏的情况下引起角膜知觉减退。
BAK 诱导的角膜神经支配的变化与眼表的改变是相关的。检测整体角膜神经可
能能够成为一种新的客观定量评价 BAK 的角膜毒性作用的方式。 




















Purpose: To invest the toxicity effect of benzalkonium chloride on corneal 
innervation. 
Methods: Fifty-four adult New Zealand Albino rabbits were divided into 3 
groups randomly. Benzalkonium chloride at different concentrations of 0.005%, 
0.01%, or 0.02% was topically applied to one eye of each albino rabbit once a day, 
totally for 9 days, and the contralateral untreated eyes were served as controls. We 
compared aqueous tear production, Corneal mechanical sensitivity, tear break-up 
time (BUT), Rose Bengal and fluorescein staining scores with those of control 
values on days 3, 6, 9. We examined the structure of the central cornea on day 9, by 
measurements of in vivo confocal microscopy. whole mount corneas were 
immunostained with anti-tubulin βIII antibody, a specific antibody labeling nerve 
fibers. The presence of anti-tubulin βIII was analyzed by means of fluorescence 
confocal microscopy, and nerve fiber densities of stromal nerve, subbasal nerve, and 
epithelial superficial nerve terminal were quantified.   
Results: The BAK-treated eyes exhibited a lower corneal sensitivity on day 3, 
and increased the score of Rose Bengal staining, no significant changes were found 
in the corneal fluorescein scores, BUT, and Schirmer scores. The topical application 
of BAK induced a lower nerve densities in superficial and subbasal layers on days 3 
and 6. BUT, Schirmer scores, and stromal nerve fiber density were significantly 
reduced in eyes treated with 0.02% BAK, and fluorescein staining scores increased 
on day 9. Corneal superficial epithelial cell size in all BAK-treated eyes was 
significantly larger than that in control eyes. 
Conclusions: Exposure to benzalkonium chloride can change the corneal 
innervation. It quickly induce corneal hypoesthesia without reducing the tear 
secretion. Changes in corneal innervation significantly correlate with BAK-induced 







































摘  要 ......................................................................................................... I 
Abstract .................................................................................................... II 
目 录 ........................................................................................................ IV 
Table of Contents ................................................................................... VI 
第一章  前 言 .......................................................................................... 1 
1.1 苯扎氯铵在滴眼液中的应用 ........................................................ 1 
1.2 苯扎氯铵对角膜的影响 ................................................................ 3 
1.2.1 对角膜上皮的影响 ................................................................................................. 3 
1.2.2 对角膜基质的影响 ................................................................................................. 6 
1.2.3 对角膜内皮的影响 ................................................................................................. 7 
1.3 苯扎氯铵对角膜神经的影响的相关研究 .................................... 8 
1.4 本研究的目的及意义 .................................................................. 10 
第二章  材料与方法 .............................................................................. 13 
2.1  实验材料 ................................................................................... 13 
2.1.1  实验动物 ............................................................................................................. 13 
2.1.2  给药方式 ............................................................................................................. 13 
2.1.3  主要仪器 ............................................................................................................. 13 
2.1.4  主要试剂 ............................................................................................................. 15 
2.2  实验方法 ................................................................................... 15 
2.2.1  临床指标 ............................................................................................................. 15 
2.2.1.1  角膜荧光染色与泪膜破裂时间 .............................................................. 16 
2.2.1.2  玫瑰红染色 .............................................................................................. 16 
2.2.1.3  角膜知觉 .................................................................................................. 16 
2.2.1.4  泪液分泌 .................................................................................................. 17 
2.2.2  活体共聚焦显微镜检查 ..................................................................................... 17 
2.2.3  免疫荧光染色 ..................................................................................................... 18 
2.2.4  HE 染色 .............................................................................................................. 19 
















第三章  结果与分析 .............................................................................. 21 
3.1  临床指标 ................................................................................... 21 
3.1.1  角膜荧光染色与泪膜破裂时间 ......................................................................... 21 
3.1.2  玫瑰红染色 ......................................................................................................... 21 
3.1.3  角膜知觉 ............................................................................................................. 22 
3.1.4  泪液分泌 ............................................................................................................. 22 
3.2  活体共聚焦显微镜检查 ........................................................... 22 
3.3  免疫荧光染色分析 ................................................................... 23 
3.4  组织学分析 ............................................................................... 23 
第四章 讨 论 .......................................................................................... 34 
第五章 结 论 .......................................................................................... 37 
第六章 展望 ............................................................................................ 38 
参考文献 .................................................................................................. 40 
附录 1 缩略词索引 ................................................................................. 48 
附录 2 硕士在读期间相关成果 ............................................................. 49 


















Table of Contents 
VI 
 
Table of Contents 
Abstract in Chinese ................................................................................... I 
Abstract in English ................................................................................. II 
Table of Contents in Chinese ................................................................ IV 
Table of Contents in English ................................................................. VI 
Chapter 1 Introduction ............................................................................. 1 
1.1 The use of Benzalkonium chloride in eye drops ........................ 1 
1.2 The effect of Benzalkonium chloride on cornea ........................ 3 
1.2.1 The effect of Benzalkonium chloride on corneal epithelium ............ 3 
1.2.2 The effect of Benzalkonium chloride on corneal stroma ................... 6 
1.2.3 The effect of Benzalkonium chloride on corneal endothelium ......... 7 
1.3 The effect of Benzalkonium chloride on cornea nerve .............. 8 
1.4 The purpose and meaning of this project ................................. 10 
Chapter 2 Materials and methods ......................................................... 13 
2.1  Materials ................................................................................... 13 
2.1.1  Experimental animals ...................................................................... 13 
2.1.2  Method of administration................................................................ 13 
2.1.3  Experimental equipments ............................................................... 13 
2.1.4  Experimental reagents……………………………………………..15 
2.2  Methods ..................................................................................... 15 
2.2.1  Clinical indications .......................................................................... 15 
2.2.1.1  Corneal fluorescein staining and tear break-up time (BUT)
................................................................................................................. 16 
2.2.1.2  Rose bengal staining .............................................................. 16 
2.2.1.3  Corneal mechanical sensitivity……………………………..16 
2.2.1.4  Aqueous tear production ....................................................... 17 
2.2.2  In vivo confocal microscopy(ICVM) .............................................. 17 
2.2.3  Immunofluorescent staining ........................................................... 18 
2.2.4  Hematoxylin-Eosin staining ............................................................ 19 













Table of Contents 
VII 
 
Chapter 3 Results .................................................................................... 21 
3.1  Clinical indications ............................................................................. 21 
3.1.1  Corneal fluorescein staining and tear break-up time (BUT)
 .............................................................................................................. ..21 
3.1.2  Rose bengal staining ................................................................... 21 
3.1.3  Corneal mechanical sensitivity .................................................. 22 
3.1.4  Aqueous tear production ............................................................ 22 
3.2  In vivo confocal microscopy(ICVM) ................................................. 22 
3.3  Immunofluorescent staining .............................................................. 23 
3.4  Hematoxylin-Eosin staining………………………………………...23 
Chapter 4 Discussion .............................................................................. 34 
Chapter 5 Conclusion ............................................................................. 37  
Chapter 6 Prospects ................................................................................ 38 
Reference .................................................................................................. 40 
Appendix 1  Acronyms index ............................................................... 48 
































类，是含氮的表面活性剂，其化学式为 C6H5CH2N(CH3)2RCl（如图 1），其中 R





目前临床上含防腐剂 BAK 的滴眼液中，其药物浓度在 0.004-0.02%不等[3]。






























善微循环等治疗，而目前市面上大多数滴眼液均含防腐剂 BAK。但是 BAK 不仅
具有强大的抗微生物的功能，抑制微生物在容器内繁殖，其在使用中对眼表也同
样具有一定的毒性作用。在 BAK 作为防腐剂应用于滴眼液之后，差不多同时就


































学介质，包括白细胞介素-1α、前列腺素 E2 和白细胞介素-6 等，这些化学介质
能引起晶体混浊并加速白内障形成[8]。Miyake 等人通过比较 4 个临床及实验室的
研究后发现，人工晶体手术患者术后早期应用含有或不含苯扎氯铵的噻吗洛尔
后，黄斑囊样水肿在前者出现的几率更高[11]。 
    研究者们现已发现，临床上长期使用含有 BAK 的眼科制剂可诱导一系列临
床副作用，包括眼表不适、结膜炎症、杯状细胞减少、泪膜不稳定、过敏反应、
结膜下纤维化、角膜上皮屏障破坏、上皮凋亡、角膜表面损害、干眼症以及出现



































膜上皮细胞能够大约 1-2 周更新一次。 
角膜上皮的其中一个重要功能就是在外界和眼内环境之间提供一个功能性









皮细胞的边界上，我们之前的研究发现，在使用 BAK 后 ZO-1、ZO-2 在细胞边
界上的分布变得混乱、间断、不均匀，说明紧密连接遭到了破坏[23]。有研究者
比较了不含防腐剂 BAK 的曲伏前列腺素和含 BAK 的拉坦前列素这两种常用的
降眼压药物，发现含 BAK 的拉坦前列素组的兔角膜上皮通透性增加，而曲伏前
列腺素组和对照组之间则无显著差异，说明 BAK 导致角膜上皮紧密连接受损[24]。 
跨上皮电阻（transepithelial electric resistance，TER）也是一种评价上皮屏障功能
状态的指标，角膜 TER 由角膜表层上皮细胞和其间的紧密连接维持，检测 TER
的变化可以连续的定量评价角膜上皮及其屏障，这项方法敏感且可靠[25-29]。
Uematsu 等人[30]发现对兔眼局部给予 0.05％BAK，可迅速引起角膜跨上皮电阻明
显减低。Kusano 等人还研究了不同浓度 BAK 作用下兔角膜 TER 的变化，发现
BAK 浓度越高，TER 下降越明显[31]。Geerling 等人[19]通过培养原代人角膜上皮
细胞发现，BAK 可诱导细胞 ATP 耗竭。Guo 等人[20]通过培养原代牛角膜上皮细
















20 分钟，发现 BAK 诱导 ATP 急性释放，并导致 MLC 的去磷酸化，他们推测
MLC 去磷酸化是由 ATP 耗竭所致的。肌球蛋白轻链（myosin light chain，MLC）
的磷酸化对肌动蛋白细胞骨架收缩是十分关键的，而肌动蛋白细胞骨架收缩参与
调节粘附、迁移及上皮屏障的完整性。上述 BAK 引起的 MLC 去磷酸化将影响
肌动蛋白细胞骨架收缩，从而损害上皮屏障功能。 
Ichijima 等人[32]应用共聚焦显微镜观察短时间内局部多次应用 BAK 对活体





皮的影响，发现不含 BAK 的浓度为 0.004%的曲伏前列素不引起角膜上皮改变，












有学者用浓度为 0.00005％至 0.001％的 BAK 处理永生化的人类角膜上皮细胞，
作用 30 分钟后去除 BAK，24 小时后检测发现低浓度的 BAK（0.00005％）即可
引起 DNA 单链断裂及 DNA 双链断裂，且具有剂量依赖性[37]。Tripathi BJ 等人[38]
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